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The interaction between bone morphogenetic proteins (BMPs) and their antagonist, Noggin, is critical for normal development. Noggin
null mice die at birth with a severely malformed skeleton that is postulated to reflect the activity of unopposed BMP signaling. However, the
widespread expression and redundancy of different BMPs have made it difficult to identify a specific role for individual BMPs during
mammalian skeletal morphogenesis. Here, we report the effects of modifying Bmp4 dosage on the skeletal development of Noggin mutant
mice. The reduction of Bmp4 dosage results in an extensive rescue of the axial skeleton of Noggin mutant embryos. In contrast, the
appendicular skeletal phenotype of Noggin mutants was unchanged. Analysis of molecular markers of somite formation and somite
patterning suggests that the loss of Noggin results in the formation of small mispatterned somites. Mis-specification and growth retardation
rather than cell death most likely account for the subsequent reduction or loss of axial skeletal structures. The severe Noggin phenotype
correlates with Bmp4-dependent ectopic expression of Bmp4 in the paraxial mesoderm consistent with Noggin antagonizing an auto-
inductive feed-forward mechanism. Thus, specific interactions between Bmp4 and Noggin in the early embryo are critical for establishment
and patterning of the somite and subsequent axial skeletal morphogenesis.
D 2005 Elsevier Inc. All rights reserved.Keywords: Noggin; Bmp4; Axial; Skeleton; Mesoderm; PatterningIntroduction
The axial skeleton is comprised of vertebrae, ribs and
their specific musculature; its formation depends on a
carefully controlled sequence of events. In the first step, a
paraxial mesoderm progenitor population is specified at
gastrulation, a result of a complex interaction between
signals and their antagonists. Notably, many lines of
evidence from zebrafish, Xenopus, chick and mammalian
studies have highlighted the importance of inhibiting BMP0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.016
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Transplantation, 110 Francis Street, Boston, MA 02215.signaling in this process (Dale and Jones, 1999; Hogan,
1996; Schier, 2001). Next, in a process termed somito-
genesis, paraxial mesoderm is segmented into paired
epithelial spheres, the somites (Pourquie, 2001). As somites
emerge in a cranial to caudal progression, they are flanked
by the neural tube and notochord on the medial side and by
unsegmented intermediate and lateral plate mesoderm on the
lateral side. The dorsal surface interfaces with the surface
ectoderm and on ventral side with the gut endoderm.
Inductive signals secreted by these adjacent tissues com-
partmentalize the developing somite first along the dorso-
ventral axis into sclerotome, myotome and dermomyotome
and subsequently along the mediolateral axis (Brent and
Tabin, 2002; Lassar and Munsterberg, 1996).
Sclerotome, the progenitors that form the vertebrae and
ribs, develop from the ventro-medial somite, an event
characterized by the early expression of Pax1. The scle-
rotome organizes into three subcompartments which give rise286 (2005) 149 – 157
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sclerotome gives rise to the lamina and pedicles of the neural
arches as well as the ribs, its induction requires the influence
of the notochord and the myotome. The ventral sclerotome
gives rise to the vertebral body and intervertebral discs, its
development depends on signals coming from the notochord
and later on the floor plate of the neural tube that includes the
ventralizing factor Sonic hedgehog (McMahon et al., 2003).
The dorsal sclerotome, which migrates from the dorso-medial
angle of the sclerotome into the space between the roof plate
of the neural tube and the surface ectoderm, gives rise to the
spinous process of the neural arch. Its development depends
on the influence of Bmp4 secreted by the surface ectoderm
and roof plate (Christ et al., 2000; Huang et al., 2000;
Monsoro-Burq et al., 1996; Olivera-Martinez et al., 2000).
Many lines of evidence support the contention that the
molecular signals that control somitogenesis include the
bone morphogenetic proteins (BMPs) and their antagonists.
Noggin encodes a bone morphogenetic protein antagonist
that binds with picomolar affinity to Bmp2/4 and Gdf5–
Gdf7 subclasses of Bmps and to likely other Bmps at lower
affinities (Chang and Hemmati-Brivanlou, 1999; Re’em-
Kalma et al., 1995; Zimmerman et al., 1996). As somito-
genesis proceeds from 8.5 to 9.5 dpc in the mouse embryo,
expression patterns of Bmps and Noggin are consistent with
a role in somitogenesis. Multiple Bmps are expressed in a
region including and around the developing somite (Dudley
and Robertson, 1997; Lyons et al., 1995; McMahon et al.,
1998; Winnier et al., 1995). Bmp2 is expressed in the
surface ectoderm, definitive gut endoderm, lateral plate
mesoderm and at low levels in the presomitic mesoderm.
Bmp3 is expressed in the notochord and the developing gut
endoderm. Bmp4 transcripts are localized in the lateral plate
mesoderm, posterior primitive streak mesoderm and surface
ectoderm. Bmp6 is expressed in the roof plate of the spinal
cord and Bmp7 in the node, the notochord, surface ectoderm
and definitive gut endoderm. In contrast, Noggin is
expressed in the node, notochord, the dorsalmost area of
the spinal cord and dorsal lip of rostral somites (McMahon
et al., 1998).
The sequestration of Bmps by Noggin affects tissue
patterning through changes in cell differentiation, cell
proliferation and cell death in the developing embryo as is
most clearly illustrated by studies on Noggin null mice
(Brunet et al., 1998; McMahon et al., 1998). In Noggin
mutants, the growth and pattern of the neural tube and
somite mesoderm are severely affected, and, as a conse-
quence, mutants die at birth with a severely malformed axial
skeleton. In the limb, Noggin is also required for normal
growth and morphogenesis of the appendicular skeleton
(Brunet et al., 1998; McMahon et al., 1998). Noggin
mutants have radially thickened skeletal elements and a
failure of joint formation.
Here, we have explored the possible role of hyperactive
Bmp4 signaling in the etiology of the Noggin mutant
phenotype by modifying Bmp4 activity through a reductionin gene dosage of active Bmp4 alleles. These results suggest
a critical role from Noggin-mediated antagonism of Bmp4
in somite development.Material and methods
Mice
To limit the heterogeneity of the Noggin null mutant
phenotype, all experiments were performed on a C57BL6/J
inbred background. C57BL6/J males heterozygous for a
targeted Bmp4 allele (Winnier et al., 1995) were obtained
from the Jackson laboratory and crossed to C57BL6/J
females heterozygous for a Noggin targeted allele (McMa-
hon et al., 1998) to generate compound heterozygous males.
Experimental material was generated by crossing double
heterozygous males (Noggin+/, Bmp4+/) to Noggin+/
females. Midday on the day that the vaginal plug was
detected was considered 0.5 days post coitum (dpc).
DNA extraction and genotyping
Genotyping was performed on DNA extracted from yolk
sac (9.5 dpc embryos), skin or liver (16.5dpc embryos)
biopsies. Tissue samples were dissected, washed in PBS and
placed in 50–100 Al PCR digestion buffer (50 mM KCl, 10
mM Tris–Cl (pH 8.3), 2.5 mM MgCl2, 0.1 mg/ml gelatin,
0.45% NP-40, 0.45% Tween20) containing 0.2 mg/ml
proteinase K and incubated at 55-C for 48 h. Samples were
subsequently boiled for 10 min to inactivate proteinase K,
and 1–2 Al of the digestion product was analyzed by allele-
specific PCR. Genotyping for the Bmp4 and Noggin
targeted alleles were performed as previously described
(McMahon et al., 1998; Winnier et al., 1995).
Skeletal preparations and embryo histology
Skeleton preparations were examined according to
McLeod (1980) with modifications described in Parr and
McMahon (1995). Briefly, embryos were harvested at 16.5
dpc. Skin was dissected from the embryo, and embryos were
dehydrated overnight in ethanol then by acetone. Sub-
sequently, cartilage and bone were stained in 5% glacial
acetic acid/70% ethanol containing 0.015% alcian blue and
0.005% alizarin red overnight at 37-C then washed three
times in 95% ethanol for 30 min each and cleared in 1%
KOH at room temperature for several days. Skeletal
preparations were equilibrated with a graded glycerol series
and photographed on top of a light box in 80% glycerol with
a Nikon SLR camera equipped with 60 mm macro lens.
Embryo collection and analysis
Wild-type and mutant embryos were dissected in ice-cold
PBS and fixed in freshly made 4% paraformaldehyde in
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hybridization and general histology), 4% paraformaldehyde/
0.1 M phosphate buffer pH7.4 for 90 min at 4-C (for section
RNA in situ hybridization, immunostaining and TUNEL
analysis), 1% formaldehyde/0.2% gluteraldehyde for 30 min
at room temperature (for h-galactosidase staining) or 4%
paraformaldehyde/0.2% gluteraldehyde (postfixation after
whole-mount RNA in situ hybridization). For analysis of
tissue sections, embryos were processed and embedded in
paraffin wax (for general histology of whole-mount embryos)
and sectioned at 6–7 Am or embedded in tissue-Tek OCT
medium (VWR#25608-930, for section RNA in situ hybrid-
ization, immunostaining and TUNEL analysis) and sec-
tioned at 10 Am. Sections for general histology were stained
with hematoxylin and eosin and photographed under bright
field illumination, while sections of previously whole-mount
treated embryos were mounted in glycerol and photographed
under Normaski illumination.
All analyses were performed using previously published
protocols: whole-mount RNA in situ hybridization according
to Wilkinson and Nieto (1993), section RNA in situ hybrid-
ization according to Schaeren-Wiemers and Gerfin-Moser
(1993), h-galactosidase staining according to Whiting et al.
(1991) and TUNEL analysis according to the manual of the
ApopTag in situ apoptosis detection kit (Intergen) (Gavrieli et
al., 1992; Wijsman et al., 1993). Fragmented DNA in
apoptotic cells was labeled with digoxigenin-conjugated
dUTP using terminal transferase, and digoxigenin was
detected with rhodamine-conjugated anti-digoxigenin. Pax2
proteins were detected using the rabbit a-Pax2 antibody from
BabCo (#PRB-276P) at a dilution of 1:200 and Alexa-488
(A488, Molecular Probes) dye-conjugated anti-rabbit anti-
body. Images for TUNEL and immunostaining were
collected by confocal microscopy.Results
Bmp4 haploinsufficiency suppresses the Noggin axial
skeletal phenotype
To examine the possibility of a genetic interaction
between Bmp4 and Noggin, we crossed males heterozygous
for null mutations in both Bmp4 and Noggin to females
heterozygous for the Noggin null mutation (McMahon et al.,
1998). A variety of mutations can enhance the penetrance
and expressivity of some of the malformations observed in
Bmp4 heterozygous mutants (Dunn et al., 1997). To reduce
the influence of genetic modifiers, we performed all our
analysis on a C57BL6/J background (7 generation backcross
of 129Sv generated targeted alleles). Offspring at different
developmental stages were generated at Mendelian ratios.
The normal mouse skeleton contains 7 cervical vertebrae,
13 thoracic vertebrae with accompanying ribs, 6 lumbar, 4
sacral and somewhere around 30 coccygeal or tail vertebrae.
The typical skeleton of a 16.5 dpc wild-type embryo isshown in Fig. 1A. Embryos that were compound hetero-
zygotes for Noggin/Bmp4 mutant alleles were indistin-
guishable from wild-type littermates (Fig. 1B). However, as
reported previously (Brunet et al., 1998), Noggin mutant
littermates displayed a profound defect in the axial skeleton
with a progressive increase in severity at caudal axial levels
(Brunet et al., 1998) (Fig. 1C). The cervical and rostral
thoracic vertebrae were thickened, abnormally fused and
dysmorphic, while more caudal thoracic, lumbar, sacral and
tail vertebrate were absent (Fig. 1C). In contrast, when
Bmp4 gene dosage was reduced, leaving a single functional
Bmp4 allele on the same Noggin null background, embryos
showed almost normal cervical and thoracic skeletons with
a normal complement of 13 thoracic vertebrae, a profound
rescue of lumbar and sacral vertebrae, but as in Noggin
mutants, no tail skeleton.
Each vertebrae forms from three primary centers of
ossification, one in each half of the dorsal arch and one in
the center of the vertebral body. The ossification pattern,
demonstrated by alizarin red staining mineralized tissue
(bone in this case) and alcian blue staining cartilage, was
completely normal for the ribs and dorsal arches. However,
ossification of the vertebral body was more irregular,
instead of a single ossification center in wild-type and
double heterozygous mutants, there were often multiple
smaller and disorganized centers per vertebrae in the
Noggin/;Bmp4+/ compound mutant. This can be seen
in examining the 8th thoracic vertebrae were present (inserts
in Figs. 1A, B and D).
Bmp4 and Noggin are both expressed at high levels in
the developing limbs (Brunet et al., 1998; Capdevila and
Johnson, 1998; Dunn et al., 1997; Francis et al., 1994;
Hogan, 1996). In Noggin mutant embryos, all limbs are
shorter, have a broadened appearance along the A–P axis
and all joints are missing due to abnormal fusions between
the various bones that make up the joints (Brunet et al.,
1998) (Figs. 1E–G). In contrast to the axial skeleton,
reducing Bmp4 gene dosage did not modify the mutant
phenotype observed in the appendicular skeleton (compare
Figs. 1G to H). The phenotype of the skull in Noggin
mutant mice is described as being nearly normal but with an
excess development of cartilage and a decrease mineraliza-
tion of all bones of the skull (Brunet et al., 1998) (Fig. 1).
This phenotype in the bones of the head was not modified
by the reduction of Bmp4 gene dosage (Figs. 1A–D).
Bmp4 haploinsufficiency promotes somitogenesis in Noggin
null mice
To investigate the underlying molecular and cellular
mechanisms leading to the partial rescue of the axial
skeleton in the Noggin mutant on reducing Bmp4 gene
dosage, we focused our analysis on 9.5 dpc embryos when
new somites are emerging at the future lumbar levels and
more rostral somites are undergoing patterning to distinct
compartments (dermatome, myotome, sclerotome). At this
Fig. 1. Recovery of axial but not appendicular skeletal phenotype following reduction of Bmp4 gene dosage in Noggin mutants. Skeletal preparations from
wild-type and Noggin mutant embryos at 16.5 days of gestation. Skeletons from a wild-type (A, E), a Noggin/Bmp4-compound heterozygous mutant (B, F), a
Noggin/ (C, G) and a compound Noggin//Bmp4+/ mutant (D, H) embryo were stained with alcian blue for non-mineralized cartilage and alizarin red for
mineralized cartilage and bone. Forelimbs were removed from the axial skeleton to provide a clear view of the vertebrae and ribs, and a corresponding left
forelimb of each embryo is shown underneath each axial skeleton (E, F, G, H). Inserts in panels A, B, and D show a preparation of the 8th thoracic vertebrae
which is not present in the Noggin/ (C).
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posterior axis so that the tail loops back to the head (Fig.
2A). In contrast, Noggin mutants displayed a marked
reduction in the length of the embryo and an abnormal
curvature of the longitudinal axis (Fig. 2B and McMahon et
al., 1998). In addition, somites were abnormally segmented
fusing into a continuous mass of paraxial tissue that was
severely reduced in size (data not shown). On removal of a
single Bmp4 allele, the recovery was observed of a
significant portion of the embryo distal to the forelimbs,
resulting in a more extensive trunk region, which like that of
wild-type littermates curved through 180- to the head (Fig.
2C). Thoracic and lumbar level somites in these rescued
embryos underwent normal segmentation and could clearly
be distinguished from each other.
To examine the effects of Bmp4 gene dosage on somite
development, hematoxylin–eosin-stained embryo sections
were evaluated, the dashed lines in the whole-mount
embryos displayed in Figs. 2A, B and C represent those
axial levels analyzed in the sections in Figs. 3A, B and C,
respectively. Rostral to the forelimb level, no histological
differences are detected between the somites of wild-type
and Noggin mutant embryos (McMahon et al., 1998).
Below the forelimbs, however, there is a progressive loss in
size of the somite, in the Noggin mutant, increasing in
severity in a caudal direction (McMahon et al., 1998) (Fig.3B). At caudal levels, somites appear as small round
epithelial structures in which the normal epithelial to
mesenchymal transitions indicative of sclerotome formation
were deficient. This size reduction and epithelial to
mesenchymal transition were rescued by Bmp4 haploinsuf-
ficiency (Figs. 3A–C).
Specification of all compartments in the developing somites
are partially rescued on reducing Bmp4 gene dosage in
Noggin mutant embryos
To determine the relationship between the somite
phenotypes and somite patterning, we examined the
expression of various markers of the somite compartment
structure. Mesoderm specific homeobox containing gene,
Mox1, is expressed soon after the formation of the
mesodermal germ layers where its expression is restricted
to posterior mesoderm caudal to the head and heart region
(Candia et al., 1992).Mox1 is expressed at the highest levels
in the paraxial mesoderm of the epithelial somite but
restricts to the dermamyotome as somites lose their
epithelial morphology on sclerotomal induction (Candia et
al., 1992, Fig. 2D and corresponding section at indicated
level in Fig. 3D). In the Noggin mutant, Mox1 expression
was clearly detectable in rostral somites, although its
expression domain was more restricted than that of wild-
Fig. 3. Analysis of somite patterning on reducing Bmp4 gene dosage in
Noggin mutants. Histological analysis shows that reducing levels of Bmp4
in Noggin mutant embryos rescues the size and patterning of the developing
somite. (A, B, C) Hematoxylin–eosin-stained histological sections of 9.5
dpc mouse embryos at levels indicated in Fig. 2. Expression of Mesoderm
homeobox Mox1 (D, E, F), paired homeobox gene 1 Pax1 (G, H, I),
Myogenin (J, K, L), Myf5 (M, N, O), and Sim1 (P, Q, R) in sections of
embryos of indicated genotypes. Axial levels sections are indicated in Fig.
2. Scale bar is 100 AM.
Fig. 2. Somite patterning is rescued in Noggin mutants on reduction of
Bmp4 gene dosage. Reducing levels of Bmp4 in Noggin mutant embryos
rescues the overall size and patterning of the developing somite.
Comparison of Mox1, Pax1, Myogenin, Myf5 and Sim1 expression
patterns in 9.5 dpc wild-type (A, D, G, J, M, P) versus Noggin/ (B, E,
H, K, N, Q) and compound Noggin/, Bmp4+/ (C, F, I, L, O, R) mutant
mouse embryos by whole-mount in situ hybridization. (A–C) Brightfield
image of freshly dissected mouse embryos. Note the difference in size and
organization of the caudal somites in the three genotypically distinct
embryos. The dashed lines in the caudal regions of each embryo indicate
the axial level of sections in Fig. 3.
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expression showed a progressive reduction until it was
barely detectable in somites at the future lumbar levels(Figs. 2E and 3E). A small domain of expression was
maintained at the level of the future sacrum (arrowhead in
Fig. 2E), but no expression was observed caudal to this
region. In Noggin/ Bmp4+/ mutant embryos, robust
Mox1 expression was observed along the entire A–P axis.
Furthermore, the expected dermomyotomal restriction was
observed in more mature somites (Figs. 2F and 3F).
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tioned sclerotome, although its expression extends caudally
into the presomitic mesoderm (Figs. 2G and 3G). In Noggin
mutant embryos, the caudal extent of Pax1 expression was
markedly decreased, ending at the level of those somites that
will later form the thoracic vertebrae (Figs. 2H and 3H). In
Noggin mutants carrying a Bmp4 null allele, Pax1
expression extended to hind limb levels, though expression
was weaker than that of wild-type embryos (Figs. 2I and 3I).
Similarly, the myotomal lineages, marked by the early
expression of myogenin, Myf5 and MyoD, were absent in
the caudal somitic region of the Noggin mutant embryo but
were substantially recovered on reducing Bmp4 gene dosage
(Figs. 2J–O, 3J–O and data not shown). The transcriptional
regulator Sim1, whose expression is restricted to the
intermediate mesoderm of the nephric duct, can be induced
in epithelial somites subjected to ectopic Bmp4 signals
(Pourquie et al., 1996; Tonegawa et al., 1997). In addition,
Sim1 expression in the intermediate mesoderm has been
shown to depend on inductive interactions with the lateral
plate and surface ectoderm, most likely through Bmp4
signaling (Capdevila and Johnson, 1998; Obara-Ishihara et
al., 1999). In contrast, Sim1, which is normally restricted to
intermediate mesoderm of the nephric duct (Figs. 2P and
3P), was dorsally expanded in Noggin mutants (Figs. 2Q
and 3Q) and reduced to near wild-type proportions in
Noggin/;Bmp4+/ embryos (Figs. 2R, 3R). This is inFig. 4. Analysis of newly forming somites in Noggin mutants following reducti
Noggin mutant embryo rescues the size of emerging somites. (D, E, F) The ecto
suppressed on reduction of Bmp4 activity. (G, H, I) TUNEL assay of apoptosis. N
Noggin/;Bmp+/ embryos (yellow dots in panels H, I) but no detectable diffeagreement with Sim1 being a target of Bmp4 and dependent
on inductive interaction with the lateral plate mesoderm
(Capdevila and Johnson, 1998; Obara-Ishihara et al., 1999).
Recovery of somitogenesis on reduction of Bmp4 dosage in
Noggin mutants
To gain insight into the mechanisms of the partial
rescue of the Noggin mutant embryo upon reducing the
dosage of active Bmp4 alleles, we examined the caudal
regions of 9.0 dpc embryos at the position where the most
recent somite emerges from the unsegmented presomitic
mesoderm. Immunostaining for Pax2 proteins on embryo
sections marks the intermediate mesoderm derived meso-
nephric duct. The domain of Pax2 staining appeared
relatively normal in Noggin mutant embryos at this axial
level (Figs. 4A–C). In contrast, the most recently formed
somite, as well as the adjacent unsegmented mesoderm,
was severely reduced in size in the Noggin mutant embryo
compared to wild-type littermates and significantly rescued
upon inactivation of a single Bmp4 allele (brackets in Figs.
5A–C and data not shown). Interestingly, in the absence of
Noggin, Bmp4 was ectopically expressed in paraxial
somitic and axial notochord mesoderm (Figs. 4D and E
and McMahon et al., 1998). When the Bmp4 gene dosage
was reduced, no ectopic expression was observed (Fig.
4F). To determine whether cell death might contribute toon of Bmp4 gene dosage. (A, B, C) Reducing the levels of Bmp4 in the
pically auto-induced Bmp4 expression in paraxial and axial mesoderm is
ote the increased cell death in the dorsal spinal cord in both Noggin/ and
rence relative to wild type in mesodermal population.
Fig. 5. Noggin and Bmp4 in caudal mesodermal patterning. Complementary expression patterns of Noggin (A) and Bmp4 (B) in the early mouse embryo. In
8.5 dpc embryos, Noggin is expressed in the mesodermal midline structure, the notochord and the dorsalmost region of the spinal cord (arrowheads in panel A),
while Bmp4 is mostly expressed in the lateral plate mesoderm (arrowhead in panel B). (C) A model of Noggin action, Noggin directly antagonizes the
ventralizing activity of Bmp4 through direct interactions, leading to the proportional specification of mesodermal progenitors in caudal regions. Abbreviations:
lateral plate mesoderm (LPM), intermediate mesoderm (IM), paraxial mesoderm (PM), surface ectoderm (SE), spinal cord (SC), notochord (NC), visceral
endoderm (VE), dorsal (somatopleura (SO)) and ventral (splanchnopleura (SP)) components of the lateral plate.
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by TUNEL analysis (Gavrieli et al., 1992; Wijsman et al.,
1993). We detected no increase in the incidence of
TUNEL+ cells in the caudal paraxial mesoderm, including
the last formed somite (Figs. 4G–I) and more caudal
unsegmented paraxial mesoderm (data not shown), of
Noggin mutants versus wild-type embryos, in contrast to
an increased number of TUNEL+ cells in the dorsal neural
tube where neural crests originate (Figs. 4G–I), arguing
against a significant role for cell death in the early somite
phenotype of Noggin mutants.Discussion
BMP signaling regulates many aspects of cell behavior
during vertebrate development including cell proliferation,
differentiation, apoptosis, survival and cell fate specification
(reviewed by Hogan, 1996; Yamamoto and Oelgeschlager,
2004; Zhao, 2003). Signal transduction by Bmp ligands is
modulated through overlapping receptor specificity by
temporal and tissue-specific regulation of gene expression
and by secreted high-affinity binding proteins that sequester
Bmp ligands and antagonize their signaling activity.
Biochemical and structural studies have shown that the
Bmp antagonist Noggin sequesters Bmp ligands into an
inactive complex by blocking the molecular interfaces of
the binding epitopes of Bmp ligands for both type I and
type II Bmp receptors (Groppe et al., 2002; Zimmerman et
al., 1996). But, to date, genetic evidence that Noggin
counteracts BMP activity in vivo is scarce and largely
restricted to ectopic expression analysis using the amphib-
ian and zebrafish embryos (Furthauer et al., 1999; Furthauer
et al., 2004; Hammerschmidt et al., 1996; Smith andHarland, 1992; Yamamoto and Oelgeschlager, 2004). Our
report establishes a clear genetic interaction between a Bmp
family member and its antagonist, Noggin, in vivo, the first
such report.
Noggin mutant embryos die at birth due to a complex
phenotype that includes a severely malformed skeleton
(Brunet et al., 1998; McMahon et al., 1998), suggesting
that, when ligands are unopposed, the resulting up-
regulation of Bmp signaling prevents normal skeletal
development. Since different Bmps are juxtaposed to
skeletal forming tissues in the developing embryo and are
redundant signaling activities (notably Bmps 2 and 4), it
has been difficult to determine a specific role for a specific
Bmp. Furthermore, while both the axial and appendicular
skeletons are abnormal in Noggin mutants, these structures
have distinct cellular origins and corresponding differences
in the molecular pathways that establish specific skeletal
progenitor population. Thus, different mechanisms might
underlie the skeletal phenotypes in these different regions.
Consistent with this view and highlighting the importance
of Noggin-mediated antagonism of Bmp4 activity in
normal patterning of the mouse embryo, we show that
the reduction of Bmp4 gene dosage, and therefore
presumably Bmp4 expression levels, results in a marked
recovery of the axial but not the appendicular skeletal
phenotype. The developmental basis for this recovery can
be traced back to the period of somite formation and
patterning in the early embryo.
Noggin, Bmps and somite patterning
Functional studies in the chick embryo provide an
important insight into the complex stage-specific roles for
BMP2/4 signaling in the formation and subsequent develop-
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reduces the size of forming somites and inhibits both
myotomal and sclerotomal development (Pourquie et al.,
1996). Furthermore, a large body of work has established
that the prior specification of ventral (lateral plate) and
dorsal mesoderm (paraxial somite forming and axial
notochord forming) is dependent upon antagonizing the
ventralizing properties of a number of signaling factors,
notably BMPs (Hirsinger et al., 1997; Pourquie et al., 1996;
Sela-Donenfeld and Kalcheim, 2002; Tonegawa et al., 1997;
Tonegawa and Takahashi, 1998).
In the Noggin mutants, somite development rostral to the
forelimb level is largely normal, but development of caudal
somite patterning is highly abnormal. Our data demonstrate
that the unsegmented paraxial mesoderm and the most
recently formed somites are significantly smaller in the 9
dpc Noggin mutant mouse embryo (brackets in Figs. 4A–C
and data not shown). At this stage, Bmp4 is strongly
expressed in the ventral mesoderm (arrowhead Fig. 5B) and
at lower levels in surface ectoderm and migrating neural crest
(Dudley and Robertson, 1997; McMahon et al., 1998;
Winnier et al., 1995). Noggin expression is largely restricted
to midline structures, the dorsal neural tube, the node and its
derivative the notochord (arrowhead Fig. 5A), dorso-medial
expression in differentiating rostral somites occurs at a later
stage (McMahon et al., 1998). Interestingly, in the absence of
Noggin, we observe the dorsal expansion ofBmp4 expression
into paraxial (data herein) and axial mesoderm (McMahon et
al., 1998). Thus, the observed phenotype may not only reflect
high levels of ventrally derived Bmp4 ligand but also de novo
secretion of Bmp4 in more dorsal mesoderm. This ectopic
expression must result from auto-induction in which Bmp4
promotes its own expression since this ectopic expression
disappears upon the inactivation of a single Bmp4 allele and,
with it, much of the axial phenotype rostral to the hind limb
that is characteristic of the Noggin mutant. The auto-
induction of Bmp2, Bmp4 and the Bmp2/4 orthologue,
Decapentaplegic (Dpp), are also conserved features of
Bmp/Dpp regulation during gastrulation and mesoderm
specification in both the fish, amphibians and fly (Biehs et
al., 1996; Hild et al., 1999; Jones et al., 1992; Metz et al.,
1998). However, in fish, other Bmp antagonists appear to
play a more important early role, and, in the fly, no Noggin
homologue exists. Consistent with Noggin’s involvement in
primary specification of caudal mesoderm, we observe an
expansion of Sim1 expressing intermediate mesoderm, which
is reduced to approximately normal size on reducing Bmp4
gene dosage. Therefore, direct antagonizing interactions
between Bmp4 and Noggin in the early gastrulating mouse
embryo contribute to the correct patterning of caudal
mesoderm consistent with a model wherein Bmp signaling
inhibits and Noggin promotes paraxial mesoderm develop-
ment (model in Fig. 5C; Hogan, 1996). In this model, it is
Noggin’s early role in antagonizing Bmp4’s inhibition of
paraxial mesoderm specification and somite patterning that
leads to a later deficiency in axial skeletal structures. Thiscontrasts with the increased girth of appendicular skeletal
elements where Bmps expressed within the primary chon-
drogenic primordia recruit additional cells into those primor-
dia in the absence of Noggin leading to a dramatic radial
expansion of skeletal elements. This phenotype was unaf-
fected by lowering Bmp4 dosage. Thus, either Bmp4 activity
remains high in the limb skeleton or Noggin may play a more
extensive role in antagonizing multiple chondrocyte inducing
signals. The presence of several Bmps and related Tgf h-
family members in the skeletal primordia of the limbs is
consistent with this view (reviewed by Hogan, 1996; Wan
and Cao, 2005; Zhao, 2003).Acknowledgments
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